Multi-beam antennas can be used for the sectorization of 360° azimuthal coverage. One of the suitable realizations, where four monopole antennas are placed at the corners of a square, is known as the "Monopole Four-Square Array Antenna". This paper presents the optimization problem for this array antenna using the method of genetic algorithms. The simulation results for radiation patterns, demonstrate the possible performance improvement if geometry and electrical parameters of array and feed network can be optimized.
Introduction
In mobile communications, base station antennas need to cover 360° in azimuth subdivided in a number of sectors, while elevation beam forming is used in order to optimize for widest range in a near-azimuth plane. Such characteristics can be accomplished by using array antennas, where a fourelement square array, as presented in [1] , offers the lowest expense yet provides symmetric and flexible multi-beam patterns (four beams spaced by 90° in azimuth). Antenna arrays can be designed to control their radiation characteristics by properly selecting the phase and amplitude of each element and the spacing between the elements, but additional parameters, like type and dimensions of elements also control the radiation characteristics, This leads to a relatively high number of independent variables which can be optimized by considering both an appropriate cost function and a suitable optimization technique, where a set of performance criteria should be met. As a suitable class of search techniques for such an optimization task, we have chosen Genetic algorithms (GA's) which use the mechanisms of natural selection and genetics (crossover, mutation) to conduct a global search of a solution space [2] . They are especially suited because they have the ability to escape from local minima and maxima and can cope with high numbers of variables. In this paper the optimization problem for the four-square monopole array antenna is discussed and performed in two phases. In the first phase, five performance criteria; minimum envelope correlation of beams, maximum front-to-back ratio, best fit to the ideal secant-squared elevation pattern, suitable beam crossover levels between 3dBi and 6 dBi and maximum directivity are applied for a simple antenna model (first order approximation model).
For this simple antenna model, it is assumed that four ideal quarter-wave monopole antennas are used which are mounted on an infinite ground plane, the amplitude excitation of elements is uniform and the phases are fixed. In this phase only the distance between the elements is optimized. In the second phase, a second order approximation antenna model is used and the efficiency of each antenna, as well as the previous criteria, is also considered. For this model, we assume that four realistic monopole antennas of variable length and diameter are used (still mounted on an infinite ground plane) and the phase/amplitude distribution and the source impedance of the feed network can be varied arbitrarily. The current and voltage excitations of the monopole elements are related via the impedance matrix "Z" whose elements (self and mutual impedances) depend on the length and diameter of each monopole antenna and the array distance d. (we use analytical functions of length, diameter and spacing for the impedances). In this phase, in addition to optimizing the element spacing, we also optimize the length, diameter and the source impedance of the feed network by applying a genetic algorithm. Finally we assume that the source voltages of the feed network can be also varied over a certain range and the optimized values of source voltages are also found, using a GA.
Planar Array and Mutual coupling Concepts
If N M × identical elements (M and N being even) are placed symmetrically in the xy-plane, shown in Figure 1 , following [3] the array factor of it, with its maximum along In equations (2) , (3), (4) and (5) 
β and y β are the spacing between the elements along the x-axis, spacing between the elements along the y-axis, progressive phase shift between the elements along the x-axis and progressive phase shift between the elements along the y-axis respectively. The total radiation intensity can be expressed as: , at the input terminals of each element (mutual coupling induces the input currents of elements) are related to the terminal voltages of the elements by the impedance matrix Z [3] :
where
The impedance matrix Z is: (8) Through the equations (7) and (8), the terminal voltage of each element can be expressed in terms of the current flowing in the others:
In (8) and (9) 
where io V is the source open-circuit voltage and io Z is the source impedance of the feed network for element i . Returning to the equations (9) and (10), the excitation of i th element (phase and amplitude) can be expressed as the function of length and diameter of this element, the source voltage and source impedance of this element feed network and element spacing.
Optimization Problem
A typical optimization problem for the phased array implies high directivity, narrow beamwidth and low side lobes. A large number of theoretical approaches have been developed to solve this problem [4] . Four monopole antenna in a square array, shown in Figure 2 , which are mounted on an infinite ground plane with the same element spacing d, length L, diameter D and the source impedance of the feed network o Z are considered for our optimization problem. Due to these assumptions, we consider (2), (3), (4) and (5) (6) can be also expressed as:
where k is a constant and L is the length of each monopole antenna. This optimization problem is performed by considering the following criteria.
Minimum Envelope Correlation of Beams
Following [5] the envelope correlation between two radiation patterns 1 F and 2 F is given by:
where Ω is the Beam Solid Angle. Using equations (6) and (11), the first criterion can be expressed as: ) of four elements and can vary between 0 and 1. By minimizing this function the minimum envelope correlation of beams can be obtained.
Maximum Front-to-Back Ratio (FTBR)
This ratio is simply the difference in gain between the maximum forward bearing and another bearing 180 degrees opposite. The second criterion can be written as:
is a function which by maximizing this function the maximum Front-to-Back Ratio can be achieved.
Best fit to the ideal secant-squared elevation pattern
The "Friss" Transmission equation expresses the power received to the power transmitted between two antennas: [3] where r P , t P , r G and t G are the received power, transmit power, receive antenna gain and transmit antenna gain respectively. The transmit and receive antennas are separated by the distance R . If we use this four-square monopole array antenna in a base station at the fixed height h , above the ground elevation, angle θ is related to h and R by θ cos R h = , the power received by the received antenna can be made to be independent of the distance R , by choosing the gain ) ,
If the gain is designed to have the secant-squared shape
, where K is a constant, then the equation (15) will become range independent. We express the third criterion as:
is a function which by minimizing this function the best fit to the ideal secant-squared elevation pattern will be achieved. In this equation, 1 w is a constant and
is the directivity of the four-square monopole array antenna which can be expressed as: 
Suitable Beam Crossover Level (3dBi -6 dBi)
To obtain the beam crossover level between 3dBi and 6dBi equations (6) and (11), the fourth criterion can be written as:
is a function which by minimizing this function the suitable beam crossover level of beams can be obtained. In this equation 2 w is a constant and β is the absolute value of the beam crossover level for array antenna.
Maximum Directivity
According to (17) , the fifth criterion can be written as:
is a function which by maximizing this function the maximum Directivity of array can be achieved.
Maximum Efficiency
The efficiency of the four-square monopole array antenna can be written as:
) is the radiation efficiency of each monopole antenna based on the ratio of radiated output power to the available source power .
is a function of the source voltages io V , the source resistance (of feed network) o R , the diameter D and the length L of each monopole antenna. By maximizing this function the maximum Efficiency of array can be achieved.
Optimization Results

First order approximation model
In the first phase, five performance criteria as would be provided by a feed network, e.g., [1] . For this model only the distance d between the elements is varied whereas all other parameters are fixed. First, each criterion is optimized separately. Results for each criterion are shown separately in figure 3 where we represent optimal range (red), useful range (green) and unacceptable range (grey). We realize that the five criteria do not coincide at the same optimum element spacing, but the following corridor seems a good compromise:
A more precise determination of the optimum element spacing is obtained after defining a cost function with the appropriate weight factors. In this way the main goal is to find the optimal distance d between the elements (in wavelength) which can minimize the following cost function: 
Second order approximation model
The next, more sophisticated step employs a second order approximation antenna model which considers the role of mutual coupling. In this step, we consider four realistic monopole antennas in the array, shown in figure 2 , of variable length L and diameter D. The source impedance of the feed network Zo can be varied arbitrarily but the source voltages of the feed network are fixed to: figure 5(a) . The radiation pattern for this array, using equations (6), (8) and (9) with respect to
and the source voltage of feed network equal to (23), obtained from theoretical method, is also shown in figure  5(b) . We realize that the simulation result exhibits even higher side lobes than the experimental; however, the experimental array is not perfectly modeled due to amplitude variations from the feed matrix [1] . Compared to the pattern of the idealized array of figure 4 , we realize much higher side lobes and shallow minima which can be attributed to the mutual coupling effect. To determine the optimal value of these parameters, we additionally allow the feed network impedance and the length and diameter of the monopoles as variables and the following cost function is considered: 
For the purpose of optimizing the cost function described in (24) with conditions (21), (23), (25), (26), (27), (28) and (29) Considering these optimal values, the excitations i I and impedance matrix Z can be found as: 
We clearly see the strong mutual coupling of radiators in the off-diagonal impedance elements which cause the original pattern degradation. Figure 6 shows the radiation pattern (x-y plane o 90 = θ ) of the monopole four-square array antenna corresponding to the value of optimized parameters in table 1. Lastly, although it is improper for realization in our matrix feed network, we assume that the source voltages of the feed network can be also changed over the following certain range: Increasing the number of optimized parameters from 5 We recognize moderate modifications of source voltage but also a strong tendency to a low monopole length which lead to better immunity to mutual coupling degradations yet at the cost of efficiency. Considering these optimal values, the excitations i I and impedance matrix Z can be found as: We realize a further improvement in the side lobe level which now comes closest to the idealized pattern levels of figure 4.
Conclusions
In this paper the optimization problem for a "Monopole FourSquare Array Antenna" has been considered and optimization results have been found using a Genetic Algorithm. In the first part, the element spacing of this array has been optimized, where it was assumed that the amplitude excitation of elements was uniform. In the second part, the optimal values of the element spacing, length and diameter of monopoles and the source impedance and voltages of the feed network were optimized after considering the effect of mutual coupling. The simulation results have demonstrated the performance degradation which resulted from the introduction of mutual coupling to the simple antenna model and have also indicated the improvements of performance when we allowed all degrees of freedom to be utilized in the optimization versus the use of only a certain restricted set which could be realized by modifications of our original matrix feed network.
